Abstract The Lower Tagus River Valley has been affected by severe earthquakes comprising distant events, as in 1755, and local earthquakes, as in 1344, 1531, and 1909. The 1909 earthquake was located NE of Lisbon, near Benavente, causing serious damage and many losses. Mw 6.0 has been assessed for this earthquake and a reverse faulting focal mechanism solution has been calculated. Poor epicenter location, possible directivity and site effects, low fault slip rates, and the thick Cenozoic sedimentary cover make difficult correlation with regional structures. The focal mechanism indicates an ENE reverse fault as source, though it does not match any outcropping active structure suggesting that the event could have been produced by a blind thrust beneath the Cenozoic sedimentary fill. Hidden sources, inferred from seismic reflection data, are a possible NE structure linking the Vila Franca de Xira and the Azambuja faults, or the southern extension of the later. Evidence of surface rupturing is inhibited by the thick Holocene alluvial cover and the high fluvial sedimentation rate, though a slightly depressed area was identified in the Tagus alluvial plain W of Benavente which was investigated as possible geomorphic evidence of co-seismic surface deformation. A high-resolution seismic reflection profile was acquired across a 0.5 m high scarp at this site, and two trenches were opened across the scarp for paleoseismic research. Some deformation of dubious tectonic origin was found, requiring further studies.
Introduction 2 Geological framework
The LTV is sited in the Lower Tagus Cenozoic Basin (LTCB), a NE-SW elongated tectonic depression which evolved since the Eocene as a transpressive foredeep related to the tectonic inversion of the Mesozoic Lusitanian Basin (LB), located at the W (Ribeiro et al. 1990; Cabral 1995; Cabral et al. 2003; Carvalho 2003) .
The LTCB comprises up to about 2000 m of Tertiary (Paleogene to Pliocene) sediments, Pleistocene fluvial terraces, and also a thick (up to 70 m) Upper Pleistocene to Holocene alluvial cover due to wurmian drainage incision followed by aggradation. Entrenchment of the fluvial network and the presence of the Quaternary terraces provide Fig. 1 Geological Map of the Lower Tagus Valley region, adapted from Carta Geológica de Portugal, 1: 500,000 scale (Oliveira et al. 1992) . 1 Paleozoic basement; 2 and 3 Jurassic and Cretaceous sediments of the Lusitanian Basin, respectively; 4 Sintra Late-Cretaceous intrusive massif; 5, 6 and 7 Paleogene, Miocene and Pliocene sediments of the Lower Tagus basin, respectively; 8 and 9 Pleistocene and Holocene fluvial sediments of the Tagus river, respectively; 10 mapped fault; 11 mapped reverse fault; 12 isoseismals for the 1909 event adapted from Teves Costa and Batlló (2011); 13 site of paleoseismic studies; AB, Algarve Basin; LB, Lusitanian Basin; LTCB, Lower Tagus Cenozoic Basin Carrilho et al. (2004) and the online information from Instituto de Meteorologia (http://www.meteo.pt); macroseismic epicenter location (star) and focal mechanism solution of the 1909 earthquake, from Stich et al. (2005) ; b cross section showing the hypocenters distribution of the regional seismicity, projected in the WNW-ESE direction (blue line) evidence of reversal of the regional subsidence to uplifting since the Early Pleistocene (Cabral 1995) . According to data from borehole breakouts and earthquake focal mechanisms, the maximum horizontal compressive stress presently trends NW-SE to WNW-ESE (Ribeiro et al. 1996; Borges et al. 2001) .
The Cenozoic, and particularly the Neogene-Quaternary evolution of the LTCB, was controlled by the NNE-SSW main structural trend of the LB. Tectonic inversion of former normal faults generated SE verging reverse faults, as those that limit the LTCB on the NW side, placing Mesozoic rocks of the LB, to the NW, over Cenozoic sediments of the LTCB, to the SE. A major example is the Vila Franca de Xira fault (Cabral et al. 2003; Carvalho et al. 2006 Carvalho et al. , 2008 (Fig. 1) .
Surface geology, gravimetric and seismic reflection data point to more complexity, evidencing structural lows and highs that are delimited by WNW-ESE to NW-SE faults, trending transversely to the general strike of the LTV, in addition to the faults that trend along the NNE-SSW longitudinal direction of the tectonic basin (Cabral 1995; Rasmussen et al. 1998; Cabral et al. 2003; Carvalho 2003) . This indicates the presence of a segmented fault system, with NNE stepped fault segments evidencing Neogene vertical offsets (mostly high angle reverse), linked by WNW faults also accommodating significant vertical offsets.
Major uncertainties on the seismogenic structures persist due to the low slip rates of the regional active structures (0.1-0.05 mm/year), poorly constrained on the basis of vertical offsets affecting fluvial terraces of the Tagus River, and the presence of the sedimentary cover concealing the faults (Cabral 1995; Cabral et al. 2003 Cabral et al. , 2004 Carvalho et al. 2006) . The buried character of many of the active and/or potentially active tectonic structures requires the use of geophysical methodologies for their recognition. Reprocessing and reinterpretation of seismic reflection data acquired for oil exploration in the LTV and surrounding areas has been carried out in an attempt to improve knowledge regarding the deep structure of the LTCB and, in particular, to locate and characterize hidden faults that may be the source of the significant regional seismicity (Cabral et al. 2003; Carvalho et al. 2006 Carvalho et al. , 2008 (Figs. 3, 4) . High-resolution seismic reflection lines have also been acquired for characterizing the near-surface behavior of these faults and try to recognize evidence of surface or near-surface faulting (Carvalho et al. 2006 (Carvalho et al. , 2009 .
As stressed above, the low instrumental seismicity, the poor earthquake location, and the depth at which the earthquakes are generated in the study region do not allow establishing a reliable relationship between the earthquakes and the faults recognized at the ground surface or in the uppermost 2-3 km of the crust, where they cut through the Mesozoic and Cenozoic rocks of the Lusitanian and Lower Tagus basins, respectively. The geometry of the Tertiary sedimentary basin may also play an important role on local energy enhancement and site effects, masking the relationship between the location of the historical events based on seismic intensity distribution and the earthquake sources.
Instrumental and macroseismic location
To constrain the position of the epicenter of the 1909 earthquake, location from instrumental and macroseismic data has been attempted. The instrumental arrival times already collected and consigned in Dineva et al. (2002) , and Program Hypocenter (Lienert 1994) under the SEISAN package (Ottemöller et al. 2011) , were used. After several trials, the solution presenting the smallest error locates the earthquake at 38.72°N, 9.11°W, near Lisbon, but, as shown in Fig. 5 , where the ellipse error is plotted, the accuracy of the calculated epicenter is not best than 50 km in any direction, resulting in an useless solution. The main causes of such large error lie in the low accuracy of the station clocks at that time (time was kept only with nocturnal astronomical observations and absolute time errors larger than 10 s were not exception), the poor timing resolution of some seismograms (at Coimbra-COI, the nearest station, the paper speed was 1 mm/min, that is, 0.1 mm of record equals to 6 s), and misinterpretation of phases, though several evident errors have been removed.
Macroseismic location and magnitude were also determined using the BOXER 3.3 program (Gasperini et al. 1999) . Intensity data points published in Teves-Costa and Batlló (2011) , and an intensity attenuation law for the Iberian Peninsula (Stucchi et al. 2010) , Fig. 3 Location map of seismic reflection profiles and deep boreholes for oil exploration used for the detection of faults evidencing Neogene to Quaternary movement in the Lower Tagus valley area, shown in Fig. 4 ; geology adapted from Carta Geológica de Portugal, 1: 500,000 scale (Oliveira et al. 1992) ; 1 Recent alluvial sediments (Holocene); 2, 3, 4 and 5 Pleistocene, Pliocene, Miocene and Paleogene sediments of the Lower Tagus basin, respectively; 6, Sintra Late-Cretaceous intrusive massif; 7 and 8 Jurassic and Cretaceous sediments of the Lusitanian Basin, respectively; 9 Paleozoic basement; 10 mapped fault; 11 seismic line (lines AR8-81 and S6, thickened trace); 12 borehole; Sa-1, Samora borehole were used. The calculated epicenter is located at 38.98°N, 8.86°W, near Benavente (Fig. 6 ). This location, showing a formal small error (\9 km), is not surprising because BOXER takes as epicenter the baricenter of the highest intensity degrees, previously known as locating around Benavente. The Iberian attenuation law that was used gives a moment magnitude of 6.0 ± 0.2, in coincidence with the instrumental one.
Source of the 1909 earthquake
Much of the meizoseismal zone of the 1909 Benavente earthquake is located in the Tagus and Sorraia rivers alluvial plain ( Fig. 1) , where very recent fluvial sediments outcrop. This area has been subjected to significant human interference in the last centuries and is the site of intense agricultural activities, precluding preservation of geomorphic evidences of recent surface or near-surface faulting. The poor instrumental data, the occurrence of site effects (as liquefaction phenomena) due to the presence of the unconsolidated alluvia and fluvial terraces, and the possible interference of rupture directivity, also render difficult the precise location of the earthquake and its correlation with regional tectonic structures, though the intensity distribution does not show any apparent bias by the surface geology.
The focal mechanism of the 1909 earthquake calculated by Stich et al. (2005) has nodal planes trending (051°, 52°SE) and (242°, 38°NW) ( Fig. 2a) , pointing to an ENE almost pure reverse fault as the source. According to these authors, the best centroid depth is 10 km, with a low resolution (between 2 and 16 km), and uncertainties of 25°are suggested for the fault angle parameters, though the predominantly reverse faulting style and the NW-SE orientation of the P-axes are considered well constrained by these authors. The nodal planes do not match any known outcropping active structure in the area suggesting that the event could have been produced by a blind thrust beneath the Cenozoic sedimentary fill (Cabral 1995; Stich et al. 2005) . The rectangle (''box'') obtained using the BOXER 3.3 software of Gasperini et al. (1999) , representing the seismic source dimension (surface projection) and orientation, with azimuth 067° (Fig. 6 ), is coherent with the trend of the focal mechanism nodal planes of Stich et al. (2005) , supporting a NE trending causative fault.
Further possible sources, inferred from the seismic reflection data, are a postulated NE-SW fault linking the Vila Franca de Xira and the Azambuja faults, or another structure probably corresponding to the hidden southern sector of the Azambuja fault (Walker 1983; Carvalho 2003; Cabral et al. 2003 Cabral et al. , 2004 (Fig. 4) . The presence of the former fault is (Lienert 1994 ) was used, with instrumental arrival times from Dineva et al. (2002) . Smallest error solution, 38.72°N, 9.11°W, with ellipse error plotted suggested by the deepening of the unconformity surface at the base of the Tertiary sediments from the northern to the southern margin of the Tagus River NW of Benavente. No other evidence for this structure has been found so far, and the southwards increase in depth may also be explained by a ramp like geometry induced by tilting on the footwall of the Vila Franca de Xira fault, which is located to the W.
The other, more plausible source corresponds to a westward, steeply dipping fault that shows clearly in the oil exploration seismic profile S6 (Figs. 3, 7 ). This structure, located Gasperini et al. (1999) . An intensity attenuation law for the Iberian Peninsula (Stucchi et al. 2010 ) was used. Represented intensity data points (MM31) are from Teves-Costa and Batlló (2011). 24 points of intensity X, IX and VII were used for determination of fault azimuth; computed epicenter (center of the box) is 38.98°N, 8.86°W Fig. 7 Detail of migrated seismic reflection profile S6 intersecting a major fault zone. Depth to ''Base Tertiary'' horizon is constrained by data from the Samora borehole, located at the western side of the fault zone (Fig. 4) approximately 6.5 km W of Benavente, was already mapped by Walker (1983) . It evidences downthrowing of the Cenozoic sediments in the eastern block, corresponding to a reverse movement component if we consider the apparent westward dip of the fault in the seismic line, and probably trends nearly N-S, passing approximately 1.4 km E of the Samora borehole (Sa-1 in Fig. 4 ). As referred above, its alignment with the outcropping Azambuja fault located to the N suggests that it may correspond to the southwards prolonging of this active structure (Cabral et al. 2004 ). This pattern is coherent with the above referred hypothesis that the 1531 earthquake was generated by the parallel Vila Franca de Xira fault, an inverted W-dipping normal fault, though the inferred high dips do not favor pure reverse but rather oblique reverse-left lateral reactivation, under the regional NW-SE compressive stress.
5 Search for surface evidence of faulting As stressed above, the lack of geomorphologic and outcrop evidence of active surface faulting in the Tagus alluvial plain area may be explained by the young age, fast sedimentation rate, and consequent large thickness of the alluvial sediments, and by the relatively low fault slip rates.
Data from boreholes drilled for various purposes (underground water exploitation, geotechnical prospecting, and scientific exploration) in the Tagus alluvial plain show that the Late Pleistocene to Holocene alluvial cover of the Tagus River is thick, reaching a depth of down to approximately -70 m in the downstream sector of the valley, near Lisbon, and of approximately -60 m in the Benavente area. This is due to a time of deeper incision of the Tagus River related to a lower base level (-120 m) during the last glacial maximum (*20,000 years ago), followed by aggradation in response to climate change and rapid base-level rise, which occurred until *7,000 years ago, when sea level stabilized (Vis et al. 2008) . Data from the mechanical deep core VFX (52 m) of Vis et al. (op. cit.) , drilled in the Tagus alluvial plain approximately 10 km SW of Benavente, allow estimating average sedimentation rates of 3.7-3.3 mm/years in the last 14-4 ka. A rough assessment of an average sedimentation rate of the alluvial sediments can also be obtained considering 60 m of sedimentation roughly in 20 ka, giving a long-term deposition rate of 3 mm/year, which largely exceeds the estimated 0.1-0.05 mm/year average slip rates of the regional active faults, referred above (Cabral 1995; Cabral et al. 2003 Cabral et al. , 2004 Carvalho et al. 2006) .
Taking pure reverse faulting for the M W = 6, 1909 earthquake source, if fault rupture reached the ground surface, the expected average and maximum co-seismic offset of the ground should be of only 0.2 and 0.3 m, respectively (Wells and Coppersmith 1994) . Although soil fracturing and sand blows were observed and recorded at the time (Bensaúde 1910; Choffat and Bensaúde 1911) , no evidence of surface faulting has been described. This may be due to a progressive flattening and branching of the fault rupture as it propagated upwards across the relatively loose alluvial cover. If any rupturing reached the surface, it probably was very small, leading to very low scarps which passed unperceived at the time. These could have been easily obliterated during the frequent large floods that used to occur in the LTV (a large one occurred shortly after, in December 1909), and by subsequent agricultural activities, making difficult its present recognition. We conclude that the young age of the alluvial sediments, the relatively fast sedimentation, the faulting geometry and the low fault slip rates imply that only the (very subtle) co-seismic rupture of very recent earthquakes could be preserved in the present Tagus river alluvial plain.
Assuming that the 1909 event represents a characteristic earthquake of the source fault or fault segment, and that its cumulative slip is due mainly to the co-seismic ruptures, we may infer an average recurrence time of approximately 3 ka for these events, taking 0.2 m of average surface displacement per event and a speculative slip rate of 0.075 mm/year (average of estimated regional rates). This points to the fact that, if it happened, the second to last co-seismic surface rupture of the source fault should have been obliterated by the strong river dynamics, eroded and buried under a considerable thickness of alluvial sediments (ca. 0.3 m, for an average sedimentation rate of 3 mm/year). Morphological evidence of cumulative displacement from repeated surface faulting is thus unexpected, making difficult the recognition and selection of sites for performing paleoseismic research.
Nevertheless, a stereographic study of 1:18,000 scale aerial photos of the Benavente region, dating from 1967, was performed aiming at the recognition of geomorphic signs of recent tectonic deformation. Although no evidence of fault surface rupture was found, some textural patterns were recognized in the photos which were tentatively interpreted as preserved evidence of liquefaction structures that pervasively occurred in the vicinity of Benavente during the 1909 earthquake, mainly in the Tagus and Sorraia alluvial plain and also in fluvial terrace sediments, described in detail by Choffat and Bensaúde (1912) (Figueiredo 2005) . One pattern corresponds to small (meter scale) circular light colored patches, sometimes aligned in the N-S direction, located in areas were liquefaction was described (for example at Garrocheira, NE of Benavente), which may correspond to remnants of sand blows. Another, more expressive pattern consists of B500 m long, 330°-340°t rending linear features that occur grouped in some areas, where similarly trending soil cracks and ejected sand were described by Choffat and Bensaúde (1912) (Fig. 8) . In spite of the expected difficulties, paleoseismic exploration was implemented in the Benavente region, though the work already performed is still inconclusive, requiring further investigation, as explained below.
The geomorphic evidence for implementing the paleoseismic research was a roughly E-W trending, depressed corridor recognized in the Tagus alluvial plain 7 km W of Benavente, in the Vala da Arriaga-Portas do Pimenta area (Fig. 9a) . It is about 300-500 m wide and 1 km long and stands approximately 0.5-1 m below the general level of the surrounding alluvial plain, which is at a height of 2-3 m. Although it was considered that this morphological element could be anthropogenic, or result from river erosion, the well expressed, continuous and singular geomorphic character in the study area, and its location in the meizoseismal area of the 1909 earthquake, suggested that it might represent evidence of active surface faulting. Fig. 9 a Setting of the depressed corridor identified in the Tagus alluvial plain W of Benavente (adapted from sheet 390 of Carta Militar de Portugal, 1:25,000 scale, IGeoE); ticketed lines, scarps, ticks on low side (see regional location in Fig. 1) ; b, view of the, 50 cm high, southern scarp, and topographic profile performed across the step To test the tectonic genesis of the southern border, which corresponds to an approximately 0.5 m high step extending E-W for about 1 km, a high-resolution seismic profile was acquired transversely to the scarp (Fig. 10a, 11) . The base of the Upper Pleistocene and Holocene alluvial sediments of the Tagus River is located at a depth of approximately 60 m, as indicated from nearby boreholes for groundwater exploitation, corresponding to the seismic horizon at ca. 100 ms (twt). This results in a relatively abnormally high p-wave velocity of 1200 m/s for alluvial sediments. This p-wave velocity was nevertheless confirmed by the seismic refraction made at the same time as the seismic reflection acquisition.
Using a k/4 criterion for the seismic resolution and considering a frequency of 100 Hz and a velocity of 1200 m/s in the upper 100 ms, we obtain a stratigraphic resolution of 3 m, well below the expected coseismic fault offset of individual M 6 earthquakes. Nevertheless, although not entirely conclusive, the seismic reflection data showed some evidence for the presence of a system of dip-slip faults at depth underneath the morphological scarp (Simão 2003) (Fig. 11) . Some of these discontinuities intersect the basal unconformity of the alluvial infill. Two NW-SE testing trenches were then opened across the scarp immediately south of the Vala de Arriaga channel (Fig. 10a,b) . Trench 1 was 24 m long and 1.3 m deep, in the southern 13 m, and 1.6 m deep in the northern 11 m. Trench 2 was opened parallel to and 30 m east of trench 1. It was 10 m long and 2 m deep, and it intersected an old filled channel of the Arriaga Vala. The small depth of the trenches was due to the high water-table and fast inundation.
The alluvial sediments that outcropped in trench 1 and in part of trench 2 walls were massive gray to brownish plastic clays, without sedimentary markers that might be used to recognize fault offsets. However, several striated slickensides were observed cutting the alluvial clays in the walls of trench 1 near its northern end, very close to the Vala de Arriaga channel (Fig. 10c) .
Most of the measured slickensides trend approximately E-W (Fig. 10d) , parallel to the scarp but also to the Vala de Arriaga channel, which is located just to the north of the morphological step at this site. Most of the surfaces dip to the north showing striae evidencing predominantly dip-slip movement, in agreement with what was observed on the seismic reflection profile. The parallelism and proximity to the waterway at this location raises doubts on the tectonic origin of these slip surfaces, which may be related to gravitational collapse toward the nearby channel. However, their proximity and parallelism to the scarp does not discard the possibility that they represent surface faulting. If this is so, they must correspond to normal faulting with downthrowing of the northern block, to be consistent with the observed morphology. This is not compatible with the reverse faulting source mechanism of Stich et al. (2005) and is difficult to explain in the present regional tectonic setting, possibly evidencing some secondary deformation. Further acquisition of high-resolution 3 component or S-wave seismic reflection data followed by paleoseismic studies are required in the area in order to clarify the former questions and also to look for other evidence of active surface faulting that might be related to the Benavente earthquake source.
Concluding remarks
The April 23, 1909 earthquake is the latest example of a few historical events of magnitude 6-7 that have occurred in the LTV. The meizoseismal area was centered about 30 km NE of Lisbon, where it caused serious damage and some fatalities, and the epicenter was most likely located near the village of Benavente, which felt a maximum intensity of IX-X (MM) depending on the author (Bensaúde 1910; Choffat and Bensaúde 1911; Moreira 1984; Oliveira 1986; Teves-Costa and Batlló 2011) . Liquefaction phenomena were observed in the Tagus and Sorraia rivers alluvial plain. Teves-Costa et al. (1999) and Stich et al. (2005) assessed an Mw 6.0 for this event based upon digitized analog seismograms. Inverting the wave forms, Stich et al. (2005) calculated a focal mechanism solution for the earthquake obtaining reverse faulting with nodal planes trending ENE. Poor epicenter location, and the likely interference of rupture directivity and site effects, makes difficult to accurately locate the earthquake and correlate it with regional tectonic structures. As referred above, the LTV is sited in the Lower Tagus Cenozoic Basin, which comprises up to about 2000 m of Tertiary sediments, and also a thick (up to 70 m) Upper Pleistocene to Holocene alluvial cover due to wurmian drainage incision followed by aggradation. Major uncertainties on the seismogenic structures persist due to the low estimated slip rates for regional active structures (0.1-0.05 mm/year) and the presence of the sedimentary cover concealing the faults.
Geophysical, geomorphologic, and surface geology data indicate a segmented fault system, with NNE stepped fault segments evidencing Neogene vertical offsets (mostly high angle reverse), and linked by WNW faults also accommodating significant vertical offsets. The 1909 earthquake focal mechanism points to an ENE reverse fault as the source, though it does not match any known outcropping active structure in the area. This suggests that the event could have been produced by a blind thrust beneath the Cenozoic sedimentary fill. Candidates, inferred from seismic reflection data, are a probable ENE hidden structure linking the Vila Franca de Xira and the Azambuja faults, or the hidden southern sector of the Azambuja fault (Walker 1983; Carvalho 2003; Cabral et al. 2004) .
Evidence for surface rupturing is inhibited by the thick Holocene alluvial cover and high sedimentation rate. Paleoseismic research has been tried but it was inconclusive, partially due unfavorable sedimentary registry (massive clays).
The lack of outcrop fault data emphasizes the need for further detailed geomorphic research. A thorough analysis of the eastern bank topography (hanging wall?) using highresolution altimetry data (LIDAR) is foreseen, as it is expectable to have a wide, though subtle bulge (terrace) in this area. A detailed analysis of the drainage pattern for detecting anomalies related to surface deformation is also envisaged as an effective tool for detecting subtle surface deformations that may highlight the location and characteristics of the seismogenic structure responsible for the 1909 event. Fig. 10 ), and topographic profile performed across the step; B.Al., base of Upper Pleistocene/Holocene alluvium; dashed line, probable fault. Acquisition made using 28 Hz geophones spaced 1.5 m. The recorded signal frequency spans between a fundamental frequency of *50 Hz and a maximum frequency of *200 Hz. The sampling rate and time window used were 0.25 and 0.600 ms, respectively. A hammer was employed as source, with five shots at each source point to stack vertically the signal and improve its signal to noise ratio
